SUMMARY. To examine transmural finite deformation in the wall of the canine left ventricle, closely spaced columns of lead beads were implanted at a single site on the left ventricular free wall. The three-dimensional coordinates of these myocardial markers were obtained with highspeed biplane cineradiography. Any four noncoplanar markers forming small tetrahedral volumes («*0.1 cc) were used to calculate finite normal and shear strains with respect to a cardiac coordinate system at end diastole. Due to the symmetry of the finite strain tensor, the algebraic eigenvalue problem could be solved to compute principal strains and the directions of the principal axes of deformation with respect to the reference coordinates. An examination of the principal strains in a number of tetrahedra in five animals indicates that deformation increases with depth beneath the epicardium. For example, the transmural variation of principal shortening strain averages -0.014 ± 0.009 per 10% increment in thickness from epicardium to endocardium. Furthermore, shortening and thickening strains at midwall and deeper are too large (0.10 to 0.40) to be described accurately by infinitesimal theory. These strains are often accompanied by substantial in-plane and transverse shears which are not predicted by typical membrane or shell theories, indicating that these theories must be applied with caution when computing indices of regional ventricular performance. The directions of the principal axes of shortening vary substantially less than the fiber direction varies across the wall (20°-40° compared with 100°-140° for fiber direction), supporting the concept that there are substantial interactions between neighboring fibers in the left ventricular wall. (Circ Res 57: 152-163, 1985) 
SUMMARY. To examine transmural finite deformation in the wall of the canine left ventricle, closely spaced columns of lead beads were implanted at a single site on the left ventricular free wall. The three-dimensional coordinates of these myocardial markers were obtained with highspeed biplane cineradiography. Any four noncoplanar markers forming small tetrahedral volumes («*0.1 cc) were used to calculate finite normal and shear strains with respect to a cardiac coordinate system at end diastole. Due to the symmetry of the finite strain tensor, the algebraic eigenvalue problem could be solved to compute principal strains and the directions of the principal axes of deformation with respect to the reference coordinates. An examination of the principal strains in a number of tetrahedra in five animals indicates that deformation increases with depth beneath the epicardium. For example, the transmural variation of principal shortening strain averages -0.014 ± 0.009 per 10% increment in thickness from epicardium to endocardium. Furthermore, shortening and thickening strains at midwall and deeper are too large (0.10 to 0.40) to be described accurately by infinitesimal theory. These strains are often accompanied by substantial in-plane and transverse shears which are not predicted by typical membrane or shell theories, indicating that these theories must be applied with caution when computing indices of regional ventricular performance. The directions of the principal axes of shortening vary substantially less than the fiber direction varies across the wall (20°-40° compared with 100°-140° for fiber direction), supporting the concept that there are substantial interactions between neighboring fibers in the left ventricular wall. (Circ Res 57: 152-163, 1985) THE canine left ventricle is a complex structure formed from a syncitium of branching muscle cells. These cells comprise a network of muscle fibers wound in a spiral about the cavity (Torrent-Guasp, 1973; Streeter et al., 1969) . The direction of the fibers has been shown to vary continuously from epicardium to endocardium by as much as 100 degrees or more (Streeter, 1979) . In this thick-walled structure, fibers are imbedded in a complex weave of heavily cross-linked collagen (McClain, 1974; Borg and Caulfield, 1981; Medugorac, 1982) . Each myofiber must shorten along its axis, but the mechanism by which this local shortening is translated into the large and complex relative morions observed in the ventricle during contraction is unknown.
Most information concerning myocardial deformation during systole has been obtained with techniques that measure uniaxial length changes at one or more sites in the ventricle. There are few data on variations in function at different depths beneath a given epicardial site. Considering the large thickness-to-radius ratio of the left ventricle and its complex fiber winding pattern,, such variations might be expected. Ultrasonic dimension gauges have been used to quantify segmental shortening at a number of ventricular sites (LeWinter et al., 1975; Freeman et al., 1985) . These studies have indicated that endocardial strain exceeds epicardial strain. In addition, in a few studies, attempts have been made to measure average shearing motions (Feigl and Fry, 1964a; Osakada et al., 1980) and variations in transmural thickening (Myers et al., 1984) . These studies have indicated small systolic shear and greater thickening near the endocardium than near the epicardium. In the studies of Dieudonne (1969a Dieudonne ( , 1969b , a triad of strain gauges (strain rosette) and attached pins inserted into the myocardium was used to measure two-dimensional, infinitesimal strains at a number of depths beneath the epicardium and at a number of sites on the left ventricle. These data indicate greater shortening strain at increasing depths beneath the epicardium. Dieudonne was the first to calculate two-dimensional principal strains from his strain data. In another method, needles have been placed across the heart wall; their relative motions have been followed with an electromagnetic inductive technique in an effort to elucidate transmural deformation (Prinzen et al., 1984) . These data are interpreted to indicate that endocardial shortening can be predicted from epicardial shortening. Yet another method has been to place radiopaque markers in the myocardium and to track their morion with high-speed biplane cineradiography. With this technique, two-dimensional finite deformation has been quantified on the epicardium (Meier et al., 1980 (Meier et al., , 1982 . Furthermore, transmural deformation gradients have been measured from columns of markers implanted across the left ventricular free wall (Fenton et al., 1976 (Fenton et al., , 1978 . These latter studies also indicate increasing strain with depth.
However, all of these methods have serious disadvantages which may preclude their use in elucidating the transmural variation of function, even in normal myocardium. Despite high temporal and spatial resolution, measurements made with ultrasonic dimension gauges depend on the orientation of the devices. To remove the arbitrariness with which pairs of dimension gauges are positioned, more elaborate arrays of these devices would be required to measure shortening, thickening, and shearing motions simultaneously. Even if this were possible, it is doubtful that enough crystals could be implanted locally to reveal transmural variations in deformation without significant impairment of function. Both the needle implantation method (Prinzen et al., 1984) and the two-dimensional strain rosette (Dieudonne, 1969a (Dieudonne, , 1969b are incapable of measuring the thickening and transverse shearing motions that accompany shortening. Furthermore, both the needles and the pins attached to the rosette may constrain the surrounding muscle to move without allowing for localized in-plane or transverse shearing or for the possibility that the direction of principal shortening varies with depth. Thus, none of these methods is capable of measuring arbitrary three-dimensional finite deformations at a number of transmural locations. The most complex finite deformation can always be decomposed into three relative length changes and three angle changes. These dimensional changes are easily related to the finite strains of continuum mechanics which consist of three normal strains and three shear strains.
In the present study, columns of lead markers are implanted in a single ventricular site using the technique of Fenton et al. (1976 Fenton et al. ( , 1978 . However, a new approach is used to calculate strains from coordinate data whereby three-dimensional finite strains, principal strains, and the directions of the principal axes of deformation can be computed. In our first set of studies utilizing this approach, we have measured strains in a series of normal dogs under pentobarbital anesthesia in open-chest preparations. The three-dimensional principal strains are independent of the coordinate system in which they are measured. Furthermore, they completely quantify local deformation in the simplest possible manner. The current results indicate that substantial in-plane and transverse shears often accompany normal strains measured in a cardiac coordinate system (Meier et al., 1980) . These strains and their principal values tend to increase with depth beneath the epicardium. Furthermore, whereas the orientation of the prinri-pal axis of shortening does vary somewhat with depth, it does not vary nearly as much as the corresponding fiber direction, indicating that anatomic links between myofibers may be an important mechanism in transmural deformation.
Methods
Five mongrel dogs weighing between 20 and 25 kg were anesthetized with pentobarbital (25 mg/kg). The heart was exposed by median sternotomy and bilateral 5th intercostal space thoracotomy and was placed in a pericardial cradle. A micromanometer (Konigsberg model P20) was inserted into the left ventricle at the apex and was calibrated with a fluid-filled catheter introduced through the femoral artery into the left ventricle. A plexiglass ring was sutured to the anterior free wall of the left ventricle in a position which was always more than a centimeter from the septum and about 50%-70% of the distance from base to apex. A rotating plexiglass disk with three holes was inserted into the ring, three steel rods (column phantoms) were placed into the holes so that they were standing along a normal (perpendicular) to the epicardial tangent plane, and the disk was rotated until the rods were separated when viewed in both the lateral and anterior-posterior planes in the biplane x-ray system. Then, the position of the disk relative to the ring was fixed. Subsequently, the column phantoms were removed and the marker placement devices (Fenton et al., 1976) were inserted individually through each of the three holes, ensuring that the columns of four to six 1-mm (diameter) lead beads were implanted along an axis which was approximately perpendicular to the epicardial tangent plane. It should be noted that subsequent strain analysis does not depend on accurate marker placement; such placement is important only to ensure that the implantation region is local, i.e., that markers are distributed across the wall and that there is no overlap of beads during contraction in either view. After the platform was removed, five additional reference markers (2 mm in diameter lead beads) were sutured to the epicardium, three directly above the three columns, one at the bifurcation of the left main coronary artery (base), and one at the apical dimple. High-speed simultaneous biplane cineradiography (16 mm, 120 frames/sec) was performed, along with simultaneous recording of ECG, left ventricular pressure, aortic pressure, and camera shutter marks, for subsequent correlation of cine frames with physiological events. In this study, two conn-actions were selected at low levels of left ventricular end-diastolic pressure (as determined from a or t i c a nd left vent r i cul ar det er mi nedf r omal ef t vent r i cul ar pressure tracing). E n d systole was determined from the aortic and left ventricular pressure cross-over point. After the dog was killed with an overdose of pentobarbital a n d the heart removed, a calibration grid w a s positioned at the center of t h e left ventricle in each of the projection planes to identify threedimensional distances in the x-ray field (McCullagh et al., 1972) . In the present study, data are presented from five animals. Data from six preliminary studies were rejected due to inadequate image resolution or marker placement. Results are expressed as the mean ± 1 SD.
Data Reduction
Lateral and anterior-posterior films were projected separately onto a digitizing pad (Houston Instruments HI-PAD) to obtain the projected two-dimensional coordinates of the centroids of the marker shadows (see Fig. 1 ). Be- cause the 16-mm cameras ran asynchronously, the threedimensional coordinates were reconstructed from the two frames (lateral and anterior-posterior) which were closest in time. The maximum temporal difference between any two corresponding exposures was 4 msec. The threedimensional coordinates were obtained in x-ray coordinates. The x-coordinate was a line through a reference Circulation Research/Vol. 57, No. 1, July 1985 marker parallel to the lateral beam. The z-coordinate was a line through the same reference marker parallel to the anterior-posterior beam, and the y-coordinate completed a right-handed Cartesian coordinate system so that it was mutually perpendicular to both x-ray beams. The y-coordinate was the matching coordinate of the two orthogonal projections planes. Using the calibration grid, we set the x-ray magnification factors once at approximately the centroid of the marker implantation region. Due to the fact that strain patterns were being observed in a small volume of myocardium, errors resulting from both pincushion distortion (<0.05 mm) and the changes in magnification at small distances from each focal plane ('cone effect' <0.1 mm) were outweighed by the error in identifying the marker centroids on the digitizing pad (0.2-0.3 mm). Therefore, neither of these corrections was made on a routine basis. The end-diastolic coordinate data were transformed from x-ray coordinates to cardiac coordinates utilizing the five reference markers (Meier et al., 1980) . This coordinate system is shown in Figure 2a . Observe the resulting coordinate directions, i.e., the two surface coordinates (1 and 2) which correspond to the circumferential and longitudinal directions, respectively, and the third coordinate which is a surface normal or radial coordinate. We plotted the positions of the markers at end diastole in the cardiac coordinates in order to select tetrahedra (sets of four markers) to be used in strain calculations (Fig. 2b) . Figure 2c shows two other projections of the marker locations in a typical animal.
Strain Analysis
The coordinate data of any four non-coplanar markers are used to calculate a set of six independent finite strains by either a new method which uses all six edges of a tetrahedron or by a three-dimensional generalization of Meier's surface method which uses any three edges. In a number of test cases in which both methods have been employed, the results have been identical. These strains are calculated with respect to the Cartesian cardiac coordinate system described above at end diastole. In this study, only tetrahedra which met the following criteria were utilized: (1) the three points which comprise the base plane differ by no more than 1 mm in depth beneath the epicardium; (2) the height (vertex to base) was between 1.9 and 4 mm.
The first method for calculating strains is described briefly here, whereas details of finite strain analysis are given in the Appendix. In this method, strain is calculated directly from the well-known quadratic form which defines a symmetric strain tensor, E t j (Fung, 1965) . Here, strain is related to small (but finite) distances between markers before (Aso) and after (As) deformation in the following way:
Here, Aa ( are the coordinate components of the tetrahedral edges in the original (end-diastolic) configuration. This equation is applied to the six line segments in the original configuration and at a later time in the deformed configuration. Subsequently, a set of six simultaneous linear algebraic equations is solved to calculate the six independent strain components of the symmetric strain tensor at each time step (pair of cine frames) after end diastole. The six strains consist of three normal strains (normal in the parlance of solid mechanics) and three shear strains (one in-plane and two transverse shears). These strains are assumed to be locally homogeneous only within these tetrahedral volumes of less than 0.1 cc of tissue. Furthermore, they completely characterize deformation there. Due to the symmetry of the strain tensor, an algebraic eigenvalue problem can be solved in order to calculate principal strains and the directions of the principal axes which are independent of the starting coordinate system.
Results
Finite strains were determined from two consecutive contractions in five dogs. The left ventricular pressures in these contractions averaged 116 ± 21 (so) mm Hg peak and 5 ± 2 mm Hg at end diastole. Heart rate ranged from 90 to 145 beats/min. The sets of radiopaque markers were located at 67 ± 7% of the distance from base to apex as determined by the position of the centroid of the three epicardial reference markers adjacent to the columns. In the next section, we will present illustrations of finite strain data from three selected animals and an average of end-systolic principal strain data in all five animals.
In all animals, finite strains were maximum near end systole and returned to their initial values at the subsequent end diastole. Figure 3a shows a left ventricular pressure tracing, and the corresponding normal strains (Fig. 3c ) as a function of time during two heart beats in one experiment. The finite strains were measured from the coordinate data of a tetrahedron whose centroid was located in the inner third of the left ventricular wall (Fig. 2b) . Note that both the circumferential and radial strains are small during the isovolumic phase of contraction and reach a maximum at end systole. Longitudinal strain (£22) in this example is minimal.
To illustrate the temporal and spatial resolution of this technique, we compared shortening determined by the sonomicrometer technique (LeWinter et al., 1975) with finite shortening strains measured by the current technique. In Figure 3b , the solid curve represents shortening measured by a pair of ultrasonic dimension gauges implanted in the hoop direction directly across the implanted columns of lead beads at a depth of about 8.5 mm. The direction between the crystal axis and the circumferential reference coordinate differed by only 2 degrees. The analog signal has been plotted along with the separation distance between gauges obtained from the biplane coordinates of the ultrasonic transmitter and receiver (X in Fig. 3b) . Typically, 1 mm should be added to the ultrasonic separation to account for rapid transit time through the crystal lenses. Therefore, after translating the analog signal vertically by 1 mm, the two measurements will overlap. Since the ultrasonic technique has excellent spatial and temporal resolution, this indicates that the resolution of the biplane system is adequate to describe this strain. The similarity in timing between the uniaxial data and circumferential strain (En) during both the isovolumic and ejection phases of contractions pro- vides further evidence that the biplane technique has an adequate frequency response. Note also that the magnitude of end systolic hoop finite strain (-0.16 ) is similar to that obtained with the crystals (-0.19). Moreover, finite strains include the nonlinear terms of the strain/displacement relations (see Appendix: Eq. 9). If these are taken into account, the two measurements match closely. As mentioned previously, an arbitrary three-dimensional deformation consists of three relative length changes and three angle changes. These dimensional changes can be related to the normal and shear strains of continuum mechanics. The shear strains which accompany the normal strains displayed in the previous figure (Fig. 3c) are shown in Figure 4 . They consist of the in-plane shear (£J2), i.e., shear in a plane tangent to the epicardium; and the transverse shears (£13 and £23), i.e., shears in the other two coordinate planes both involving the radial coordinate. This set of finite strain data [normal and shear strains (Figs. 3c and 4) ] provides a com- plete description of local deformation in a cardiac coordinate system for this tetrahedron (Fig. 2b) . Subendocardial circumferential strain, En, typically reaches values of -0.10 to -0.20 at end systole, whereas longitudinal strain, E 2 2, can, but frequently does not, achieve comparable magnitudes. Subendocardial radial strain, E 33 , may peak at levels of as much as +0.30 to +0.40. Furthermore, substantial shearing (£ 12 , £13, £23) may occur with magnitudes as large as 0.10 or greater (see £13 and £23 at end systole in Fig. 4 ). On the other hand, near the epicardium, normal and shear strains are often small, with magnitudes of 0.05 and less. Notice the repeatability of the peak systolic strain of all time series from beat to beat, as well as the fact that strains start near zero and return to zero at each end diastole. In particular, the shape of each strain time series is very similar from beat to beat. Also, observe the increased scatter which appears in all rime series involving the radial coordinate (£33, £13, and £23) relative to strains in a plane parallel to the epicardial surface (En, £22, and £12). Sources of this 'scatter' are discussed later.
Since the six finite strains (normal and shear strains) are known, the principal strains and the directions of the principal axes of deformation can be calculated (see Appendix). These three mutually orthogonal strains account for all the deformation in the tetrahedron. The principal axes usually will be different from the arbitrary coordinate directions selected for the finite strains. Ranking the principal strains which occur throughout the implantation region at end systole from smallest (most negative) to largest (most positive), the first principal strain is a shortening strain; the second principal strain is often a negligible but sometimes a substantial shortening, especially near the endocardium; and the third principal strain is usually a positive or thickening strain which resembles the radial strain, E 33 . Observe the similarity of the principal strains (Fig.  5 ) to the normal strains (Fig. 3c ). Whereas these strains may be only slightly modified in magnitude from the corresponding normal strains, they may be acting in considerably different directions as shown subsequently.
In Table 1 , end-systolic principal strains are listed for the subendocardial tetrahedron described above (Fig. 2b) and for a similar location in four other experiments. Tetrahedra can be formed with their vertices closer to either the epicardium (up tetrahedra) or the endocardium (down tetrahedra). However, there was no significant difference between principal strains calculated from up or down tetrahedra with similar centroid depths (Table 1) . In the five studies, subendocardial principal shortening (Ei) averaged -0.21 ± 0.05, while principal thickening (£ 3 ) averaged +0.37 ± 0.13 at this location. The second principal strain (£ 2 ) averaged -0.07 ± 0.05. To compare the magnitudes of systolic deformation at different depths, strains can be determined at a particular time after end diastole for a number of tetrahedra whose centroids have differing transmural positions. An example of the transmural trends of the principal strains calculated at end systole from 14 tetrahedra in one experiment is shown in Figure 6 . Observe the linearly decreasing trend of the first principal strain with depth. The slope here is -0.015 per decile (10% of wall thickness). This trend is quite consistent from experiment to experiment, regardless of heart rate. The slope of the first principal shortening strain at end systole as a function of percent depth averaged -0.014 ± 0.009 per decile. Second principal strains at end systole are small, but occasionally may reach -0.10 in the deepest tetrahedra. It should be remembered that a strain of 0.10 is substantial in finite strain theory. Finally, the third principal strain or principal thickening strain occurs by definition along an axis which is orthogonal to the plane of the first and second principal strains (the l'-2' eigenplane). As shown by the monotonically increasing data (Fig.  6) , this strain indicates greater thickening at increasing depths. The slope here is 0.02 per decile. This trend is consistent in all experiments.
To establish whether or not regional volume changes occur during contraction, the product of the stretch ratios (see Appendix) was computed as a function of time for the tetrahedron identified in Figure 2b . This function stays between 0.8 and 1.0 during systole, indicating local behavior which is somewhat compressible. Similar behavior is observed at a number of locations in all experiments with systolic values which vary between 0.85 and 1.00.
The principal directions of deformation usually differ from the cardiac coordinate directions. These directions might be expected to vary with time during contraction. Moreover, the algorithm for determining the eigenvectors is potentially sensitive to random noise or measurement error. Accordingly, we examined the temporal stability of the principal axes near end systole when we would expect only small variations in strain and in the local directions of cardiac deformation. The orientation of the principal axes with respect to the coordinate directions was found to be relatively constant (±10°) for time intervals of 80 msec or longer during systole in each dog. To demonstrate the transmural variation in the orientation of the principal axes at end systole, the angle between the first principal axis and the circumferential coordinate direction projected on the epicardial tangent plane is plotted as a function of depth (Fig. 7) . Data from two experiments are shown. The projected angle varies from -60° to near 0°, and these two studies represent the range observed in all five dogs. Here, the principal axis of shortening at end systole seems to rotate more toward the hoop direction with increasing depth, but in neither case is the principal axis collinear with the hoop direction at mid-wall as might be expected from the orientation of the myofibers. Further, in no animal did the projected angle cross over the circumferential coordinate axis (0°) as might be expected from fiber angle data which normally range from -60° to +40° from epicardium to endocardium at this location (Streeter et al., 1969) . Thus, an unexpected finding is that the direction of principal ShOrt- 
Discussion
Whereas axisymmerric membrane or shell hypotheses may be adequate to describe certain global properties of the left ventricle (e.g., pressure/volume relations), they may admit large errors when applied to local function. The data from the present study refute the adequacy of nested membrane hypotheses for the description of regional ventricular deformation, i.e., substantial transverse shear strains are often observed. Furthermore, finite strains frequently range between 0.20 and 0.40 at the endocardium exceeding values which can be calculated accurately with the infinitesimal theory. Two new findings of the present study support the possibility of substantial interaction between neighboring myofibers. First, the magnitude of the shortening and thickening strains exhibit a consistent and substantial increase with depth beneath the epicardium; and second, the transmural variation of the direction of the principal axis of shortening does not correspond to changes in the local fiber directions.
The work of Dieudonne (1969a Dieudonne ( , 1969b , Fenton et al. (1976 Fenton et al. ( , 1978 , and Meier et al. (1980 Meier et al. ( , 1982 provides the necessary framework for the current study. Meier and his associates applied two-dimensional finite deformation theory to epicardial surface motion in both ventricles, but this work was not extended (generalized) as needed to study the complicated three-dimensional strains which occur transmurally. Fenton and coworkers undertook such a study, and successfully implanted columns of markers. Despite differences in the approaches to calculating strains, Fenton's data show values of transmural shortening and thickening strains similar to those observed in the present studies. However, we disagree with their conclusion that 'muscle does not appear to shear in planes other than those parallel to endocardium and epicardium." Our data indicate large transverse shears (Fig. 4) . In calculating both in-plane and transverse shear, Fenton and coworkers failed to sum shear components across the diagonal of the deformation gradient tensor. Whereas the diagonal elements of this tensor are the three infinitesimal normal strains, the shear components across the diagonal of their matrix were not added to compute the actual infinitesimal shear strains (e.g., in the notation of Fenton et al.),
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The Vi is necessary so that the shears transform properly as tensor elements. In fact, a dose examination of their data indicates that the interpretation of their shear data may be erroneous. The in-plane shear (after summing du/dy and dv/dx) seems quite small, whereas transverse shears [such as en = V 2 (dv/dz + dw/dy)] seem to be substantial, especially near the endocardium.
Both Fenton and his coworkers and Dieudonne calculate infinitesimal strains from their data, but myocardial strains are large enough to be considered finite strains, strains which include substantial kinematic nonlinearity. For example, utilizing Equation 9 (see Appendix), the finite radial strain is related to elements of the deformation gradient tensor as follows (again, in the notation of Fenton et al.) :
so that an infinitesimal radial strain having a value of +0.4 is in error by at least -16% and probably more in the presence of transverse shear. We see that finite radial strain is equivalent to infinitesimal radial strain augmented by three terms; one of which is the infinitesimal strain squared, while the other two are actually contributions from the shearing elements of the deformation gradient tensor. Notice that the nonlinear terms in this equation are quadratic (always positive) so that positive normal strains are always underestimated, whereas negative ones are always overestimated by the infinitesimal theory. This rule does not necessarily apply to shear strains for which nonlinear terms are products of different elements of the deformation gradient tensor, e.g., one of the finite transverse shears is -*-I v* Here, several of the diagonal components of the deformation gradient tensor which are normal strains in the infinitesimal theory contribute to finite shear. Certain aspects of the strain data calculated in the current study may be compared with previously acquired measurements. In particular, the substantial increase in shortening at mid-wall over that observed near the epicardium (LeWinter et al., 1975) is in agreement with both normal strain and principal shortening data from the present study. Furthermore, evidence for the presence of circumferential strain near the epicardium where fibers have a more longitudinal orientation (Streeter et al., 1969) is in agreement with the data of others (Ingels et al., 1971 (Ingels et al., , 1975 Gallagher et al., 1982; Freeman et al., 1985) . However, circumferential strain does not always dominate longitudinal strain at any location. In fact, our data can be split into two groups. In the first group, hoop shortening dominates across the entire wall thickness, whereas, in the second, longitudinal shortening may be comparable to hoop shortening. These data indicate that calculation of principal strains and principal axes which are not influenced by an arbitrary reference system may be a better approach to the description of local deformation.
Average left ventricular wall thickening has been measured previously by a variety of techniques (Feigl and Fry, 1964b; Cothran et al., 1967; Gault et al., 1970; Gallagher et al., 1980; Osakada et al., 1980) and is comparable to our radial strains at midwall (=0.20), but radial strains near the endocardium may be larger (=0.30) and the corresponding principal thickening even larger still (=0.40). Although ultrasonic dimension gauges have measured greater average wall thickening in the endocardial half than in the epicardial half of the wall (Gallagher and Ross, 1984) , the present study reveals a substantial variation in radial strain as well as principal thickening with depth. In fact, in some preparations, virtually no thickening is observed near the epicardium, whereas strains in the range of +0.4 to +0.5 occur near the endocardium. The recent results of Myers et al. (1984) more closely resemble our data. Using echocardiographic tracking of sutures implanted in the wall, they observed increased wall thickening in the middle and inner thirds of the wall.
Attempts have been made to measure average transverse shears across the heart wall (Osakada et al., 1980) and at two depths beneath the epicardium (Feigl and Fry, 1964a) . The data of Feigl and Fry show an angle change of 0.05 radians during isovolumic contraction, and indicate that this shear is maintained during ejection. Nevertheless, this shear is small (e^^ = Vi tan 0.05 = 0.02 -0.03). In the study of Osakada et al., the average transmural shear displacement in the 2-3 plane was measured. This measurement can be converted to a shear angle and, subsequently, to an infinitesimal transverse shear by dividing by the thickness. For a longitudinal displacement of 0.6 mm over a wall thickness of 9.6 mm, we have £23 ~ ~ tan -r-= 0.03.
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Again, a small shear strain results. In the current study, epicardial transverse shear strains are frequently found to be small (as are the other strain components), in agreement with the results of Feigl and Fry, but transverse shears at mid-wall and deeper are often substantial (=0.10), and sometimes comparable to the shortening strains there. Excluding nonlinear effects, a shear strain of 0.10 is equivalent to a shear angle of 0.20 radian which is between four and ten times the magnitudes measured previously. In the current study, finite transverse shears are found to vary substantially across the heart wall. In some cases, shears change sign with increasing depth so that a transmural average might be negligible, masking the presence of local shears observed in this study, but not in previous studies.
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Transverse shear may be evidence for the contribution of the radial component of fiber direction (or pitch angle) to deformation. Moreover, the nonconcentric geometry of overlying fibers and the interaction between "layers' due to tethering may result in deformation patterns which are truly threedimensional. In summary, these data argue against the use of axisymmetric membrane or shell hypotheses in the analysis of local wall motion and regional function. The canonical or principal coordinate system is characterized by the absence of any shearing deformation, so that the three principal strains fully account for the local deformation, rather than the more cumbersome set of six strains (normal and shear) which may be present in any other coordinate system. By definition, the presence of shear indicates that the initial coordinate system (in our case, the cardiac coordinate system at end diastole) is not canonical. In view of the complex left ventricular anatomy, this is not an unanticipated result. However, the arbitrary choice of initial configuration will also influence the results. Several factors about our selection of a reference system warrant discussion. We have elected to use the end-diastolic configuration at a low left ventricular end-diastolic pressure. Clearly, this is not an unstrained configuration. Indeed, small changes in end-diastolic pressure in this range result in large changes in ventricular volume and local deformation (Kent et al., 1978) . Moreover, even if transmural pressure is zero, the ventricle maintains its shape, and thus may have evolved to be a continuum with residual stresses. Therefore, the strains we calculate might best be called relative strains rather than, say, Lagrangian or Green's strains, except for the fact that relative tensors are already defined differently in the mathematical literature. It is also possible that the large shear strains observed may be due to nonconcentricity in the arrangement of muscle fibers at increasing depths in the myocardium. If this is the case, the orientation of the chosen epicardial tangent plane may be less meaningful near the endocardium.
Virtually identical principal strains are obtained by either the generalized Meier method or the alternative technique described earlier (see Methods and Appendix). Further, the same principal data are calculated regardless of the starting coordinates, i.e., whether they are the cardiac coordinates or the original x-ray coordinates (see Methods). The transmural trends in principal strains at end systole, as mentioned in the Results, are consistent and indicate that normal myocardium deforms more at increasing depths beneath the epicardium. However, the definition of end systole is somewhat arbitrary, and the possibility that active contraction may continue into early diastole indicates the need to study transmural trends at other times in the heart cycle and emphasizes the importance of examining finite strain time series at various transmural locations. Nevertheless, the linearity of the transmural variation in principal shortening (£1) and the increasing trend of principal thickening at the chosen time in the heart cycle are striking results. The mechanisms responsible for this behavior are unknown at this time. It is probable that a number of factors contribute, including the effects of geometry, loading, structural constraints, and metabolism. Due to the large wall thickness-toradius ratio, fractional length changes are greater near the endocardium than near the epicardium for a given change in cavity volume. Thus, endocardial strain might be expected to exceed epicardial strain for purely geometric reasons (Timoshenko and Goodier, 1970) . Furthermore, variations in transmural loading may reduce epicardial deformation (Mirksy et al., 1974) . Structural limitations in the thick-walled left ventricle due to the constraining effect of the collagen matrix may influence local deformation (Borg and Caulfield, 1981) . Moreover, differences in epicardial and endocardial metabolism and coronary perfusion may also influence deformation (Feigl, 1983) .
There have been only a few previous attempts to examine the direction of strain and its relationship to local anatomy. Gallagher et al. (1982) and IngeLs et al. (1971) showed that there is substantial strain away from the presumed epicardial fiber direction. Freeman and his colleagues (1985) , in a recent study from this laboratory, found that shortening measured with a pair of ultrasonic gauges in the midwall of the left ventricle was greatest when the relative angle between the myofibers and the gauge axis was least. Dieudonne (1969a Dieudonne ( , 1969b found substantial variation in the direction of principal shortening at different ventricular sites. At end systole at a site comparable to ours, Dieudonne also found little transmural variation in the directions of the principal axes from epicardium to endocardium. The present technique is the first that is capable of examining the three-dimensional principal axes of deformation at several positions across the wall. The principal axis of shortening (direction of the first principal strain) projected on the epicardial tangent plane varied among animals but did not have substantial transmural variation in any individual animal (Fig. 7) . Thus, the variation in the direction of shortening was substantially less than the variation in fiber direction. This result argues strongly against the theory that the myofibers act as slippery skinned rods with no interaction between groups of fibers at different depths. Indeed, these data support the concept that there is significant interaction between myofibers. If muscle acts in concert with deeper muscle due to mutual attachments (tethering), we might expect shortening to occur along directions which are vector sums of adjacent fiber directions.
There are several sources of error involved in measuring small absolute distances in the left ventricular wall by cineradiography that must be considered in interpreting the present data. In our current system, the limiting factors for both spatial and Circulation Research/Vo/. 57, No. 1, July 1985 dynamic resolution are the 6-inch image intensifier input screens. The 350-line pair capacity of the input screen is exceeded by the capacity of the objective screen and the 16-mm film. Using a phantom with the lead beads to obtain comparable exposures, we were able to detect separation distances of 0.2 mm at velocities as great as 25.0 cm/sec. These velocities exceed normal shortening velocities in the whole heart. On these phantom films, there was some blurring of the bead edges at these high velocities. We suspect that this was due to the dynamic response of the image intensifiers, not the 'aperture open time' on the camera. Despite slight blurring at 25 cm/sec, the centers of the beads were easily detectable. Moreover, calculated and actual velocities agreed closely. For the short 2-mm radial distances measured, a strain of 0.10 would be near the limits of resolution explaining the increased 'scatter' in data involving radial dimensions (Figs. 3-6 ). Another difficulty concerning the measurement of small distances across the wall thickness involves our selection of the transmural leg of each tetrahedron. Near the epicardium and endocardium, fiber direction may change by as much as 30 degrees in a 2-mm radial span (Streeter, 1979) . Such variations would be expected to result in behavior that is locally inhomogeneous. Therefore, our inability to implant more than five markers across wall thicknesses of about 1 cm and to resolve the shorter radial distances, even if more beads could be implanted, prevents us from observing such inhomogeneity.
The 'coupling' of the beads to the local myocardium and the potential for local injury must also be considered as a possible source of error. Garrison et al. (1982) and McCullagh et al. (1972) have considered the possibility of injury in chronic implantations but have seen no evidence of extensive tissue damage. In our acute preparation, we did not observe the sharp discontinuities that would be expected if a bead were shifting in a needle track. Moreover, we have completed one chronic implantation (2 weeks). The strain results from this study closely resembled those of the acute studies. However, although these results suggest that patterns of deformation may be similar in a closed-chest preparation, the effect of anesthesia and potential constraints on motion such as the pericardium cannot be ignored. Furthermore, the presence of an indwelling pressure transducer may affect deformation, particularly near the apex. Again, results of the chronic study in which pressures were measured with a fluid-filled catheter suggest that this effect is small at the site studied (2-4 cm from the apex). Variations in heart rate and activation sequence may also influence strain patterns. Despite similarities in the strains observed at the chosen ventricular site over a range of heart rates, the effect of heart rate and asynchrony of contraction must be considered in separate, carefully controlled studies. Both asynchrony and changes in cardiac shape which occur with thoracotomy and anesthesia might be expected to alter both the magnitudes of the principal strains and the directions of the principal axes of deformation.
In conclusion, transmural finite strains were measured for the first time in the canine left ventricle. A complete description of the three-dimensional strains at a given location enabled us to compute the principal strains and the directions of the principal axes of deformation there. The current results indicate that substantial in-plane and transverse shears often accompany normal strains measured in a cardiac coordinate system. These strains and their principal values tend to increase with depth beneath the epicardium. Furthermore, although the orientation of the principal axis of shortening does vary somewhat with depth, it does not vary nearly as much as the corresponding fiber angle does, indicating that anatomic connections between myofibers may be an important mechanism in transmural deformation.
Appendix
Finite Strain Analysis
The kinematics of two-and three-dimensional continua are reviewed (see textbooks of mechanics, Truesdell, 1966; Fung, 1965) . In this appendix, the algorithms for computing finite strains are described in detail for the two-dimensional case (surface strains), and outlines of the three-dimensional extensions of these algorithms which are used in these studies are given. In addition, related topics including the technique for quantifying material compressibility in terms of calculated strains or stretch ratios, coordinate transformation, and homogeneity are discussed.
Kinematics of a Continuum
Consider a point P in the myocardium which is identified by the position vector* a in a three-dimensional reference coordinate system (Fig. 8) . Each material point is determined by the center of its corresponding lead marker (Fig. 2a) . At some later time, the same material point P may move to a new location, Q, and is identified by the new position vector x in the same reference coordinate system. The displacement vector, u, indicates the translation of the material point from P to Q. Thus, x = x(a) = u + a.
(1) By the chain rule for functions of several variables, 161 and dx = -R= da = Fda. da Here, the derivative of a vector with respect to another vector yields a tensor mapping such as F, the displacement gradient tensor, or G, the deformation gradient tensor. In mechanics, the directed infinitesimal line segments, da, dx, and du, are called contravariant vectors or tensors of rank 1. In the mathematics of modem differential geometry, they are most properly called differential forms and in this case, one-forms (Flanders, 1963) . In a rectangular Cartesian coordinate system which is sufficient in the analysis of local mechanics, both position vectors and one-forms can be given the usual coordinate representation, e.g., da = da,7 + daj + da 3 k.
Note that a tensor is a generalization of a vector, i.e., we need three numbers to identify an arbitrary vector in 3-space while nine numbers are needed to identify a nonsymmetric tensor of rank 2 in the same space. For example,
Due to the nonsymmetry of the deformation gradient tensor, off-diagonal elements are, in general, unequal. 
so that the off-diagonal terms of both tensors are identical, while the diagonal elements differ by the additive constant one. Now, an arbitrary infinitesimal length can always be computed from its coordinate components so that in the starting configuration we have (Fig. 8) dso 2 = da da;
and at a later time we have ds 2 = dxdx. 
Here, the strain tensor, E, is related to the displacement gradient tensor, F. Substituting Equation 4 into Equation 8 relates E to the deformation gradient tensor, G, showing us how to convert the measurements of Fenton et al. (1976 Fenton et al. ( , 1978 to finite strains, i.e., E = G T G).
(9) Meier et al. (1980) computed stretch ratios directly from a finite version of Equation 2. That is, they wrote Equation 2 in the form Ax = FAa; (10) and with a knowledge of Aa in some starting configuration and Ax in a later configuration, they compute the surface tensor, F, by solving two 2 x 2 linear algebraic problems from the two directed line segments connecting three points (surface markers) on the epicardium. Once they have F, they decompose it into a rotation and a stretch (Truesdell, 1966) and compute the principal values of the stretch matrix which, of course, is symmetric. Alternatively, the finite strains can be related to the displacement gradients, i.e., by premultiplying F by its transpose F T the strain tensor, E, can be computed directly from Equation 8. This method is easily generalized Circulation Research/Vo/. 57, No. 1, July 1985 to three dimensions in a volume, rather than two dimensions on a surface, by adding a fourth nearby (but noncoplanar) marker (point). Then three 3 x 3 linear algebraic problems must be solved to compute F, and again Equation 8 yields E.
An alternative method computes E directly from Equation 7. This technique is elaborated in the twodimensional case for clarity. First, we write Equation 7 in finite form using indicial notation, i.e., When generalized to three dimensions, the matrix \A] becomes a 6 X 6 square matrix, the vector \b] becomes a 6 X 1 column vector, and the six independent strains are written as a 6 X 1 column vector instead of a 3 X 3 symmetric strain tensor. After obtaining the strain tensor E, an algebraic eigenvalue problem is solved to compute the principal strains and the directions of the principal axes of deformation.
With the three principal strains in hand, the stretch ratios, X,, are easily calculated (Fun^ 1967), i.e., A,= J = 1, 3 in which E| represents the three principal strains. If the tetrahedron of muscle in question does not change volume during deformation, the condition of incompressibility will be met, i.e., X,X 2 X 3 = 1.
On the other hand, for a compressible material, the product of the stretch ratios during deformation is less than one, e.g., a value of 0.9 indicates a volume reduction of 10%.
As mentioned previously, da is a contravariant vector, and, as such, it obeys the transformation laws of tensors of rank 1 (also called vectors). Therefore, rather than transforming the tensor £ (Eq) to the cardiac coordinate system after computing the strains, we can transform da to cardiac coordinates first. Then, the strains are automatically calculated with respect to cardiac coordinates. Given the transformation matrix, / 3, y (Meier et al., 1980) , and again writing our differential elements in finite form, we have to,' = i = 1, 3.
(12)
A brief comment on our use of assumptions concerning spatial homogeneity is in order. Homogeneity is actually assumed in two ways. First, along any small material length, we assume homogeneity as soon as we write our strain equations (e.g., Eq. 7') in finite, rather than infinitesimal form. Second, when we use 3 or 6 small line segments to compute a single strain tensor in a small area or volume, we are naturally assuming homogeneity within that area or volume. Strain calculations were performed on both mainframe (VAX-11/780) or minicomputers (DEC PDP-11). Computer codes written in Fortran 77 were used to transform coordinate data and to compute both two-and three-dimensional strains. The Fortran programs are available upon request from the authors.
